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DISCOVERY OF A VERY LARGE STRUCTURE AT Z = 3.78
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ABSTRACT
We report the discovery of a large-scale structure containing multiple protoclusters at z = 3.78 in the
Boo¨tes field. The spectroscopic discovery of five galaxies at z = 3.783±0.002 lying within 1 Mpc of one
another led us to undertake a deep narrow- and broad-band imaging survey of the surrounding field.
Within a comoving volume of 72× 72× 25 Mpc3, we have identified 65 Lyman alpha emitter (LAE)
candidates at z = 3.795 ± 0.015, and four additional galaxies at zspec = 3.730, 3.753, 3.780, 3.835.
The galaxy distribution within the field is highly non-uniform, exhibiting three large (≈ 3 − 5×)
overdensities separated by 8 − 14 Mpc (physical) and possibly connected by filamentary structures
traced by LAEs. The observed number of LAEs in the entire field is nearly twice the average expected
in field environments, based on estimates of the Lyα luminosity function at these redshifts. We
estimate that by z = 0 the largest overdensity will grow into a cluster of mass ≈ 1015M⊙; the two
smaller overdensities will grow into clusters of mass (2 − 6)× 1014M⊙. The highest concentration of
galaxies is located at the southern end of the image, suggesting that the current imaging may not map
the true extent of the large scale structure. Finding three large protocluster candidates within a single
0.3 deg2 field is highly unusual; expectations from theory suggest that such alignments should occur
less than 2% of the time. Searching for and characterizing such structures and accurately measuring
their volume space density can therefore place constraints on the theory of structure formation. Such
regions can also serve as laboratories for the study of galaxy formation in dense environments.
Subject headings: cosmology:observations – galaxies:distances and redshifts – galaxies:evolution –
galaxies:formation
1. INTRODUCTION
Hierarchical structure formation predicts that regions
with the highest density are the sites of the earli-
est galaxy formation. The low-redshift descendants
of such regions (virialized galaxy clusters) have been
extensively studied and various relationships between
galaxy properties and environmental density have been
found (e.g., morphology/star-formation-density relation;
Dressler 1980; Goto et al. 2003). However, the dominant
physical processes that drive galaxy evolution in differ-
ent environments and cause the observed present-day re-
lationships remain poorly understood. Several studies
have demonstrated that the red sequence that character-
izes present-day clusters is in place as early as z ∼ 2 and
that star-formation activity in these dense environments
must have peaked at earlier epochs (Blakeslee et al. 2003;
Mei et al. 2006; Papovich et al. 2010). In addition, stud-
ies of a handful of clusters at redshifts 1 < z < 2 re-
veal that star-formation is enhanced in dense regions:
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the slope of the star-formation–density relation observed
at low-redshift appears to decrease and perhaps “re-
verse” at z > 1.5, beyond which redshift cluster pro-
genitors are expected to show enhanced star-formation
relative to the field (e.g., Tran et al. 2010; Koyama et al.
2013; Brodwin et al. 2013). The evolution at even earlier
epochs remains uncertain, primarily because of the lack
of good protocluster candidates.
Identifying protocluster regions at early epochs is im-
portant both to our understanding of large scale struc-
ture evolution and to the study of galaxy evolution
in dense environments. However, finding un-virialized
high-redshift (z > 2) “protoclusters” is very challeng-
ing. At high redshift, identifying robust overdensi-
ties through purely photometric means is difficult be-
cause the commonly-used broad-band selection tech-
niques result in broad redshift distributions (and many
interloper populations) that significantly reduce the ob-
served density contrast. Spectroscopy of large numbers
of faint continuum-selected candidates requires expen-
sive allocations of large telescope time. Unlike low-
redshift (z < 1) clusters, high-redshift protoclusters do
not show detectable X-ray emission; at z > 2 red se-
quences may not exist, or if they do, are difficult to
identify observationally. Despite these challenges, var-
ious heroic efforts have resulted in a heterogeneous sam-
ple of robust high-redshift protoclusters. The majority
at z > 2 have been found by targeting rare sources
(e.g., radio galaxies or Lyα blobs Miley et al. 2004;
Palunas et al. 2004; Venemans et al. 2002, 2005, 2007;
Steidel et al. 2000; Matsuda et al. 2005; Prescott et al.
2008; Mawatari et al. 2012); a handful of structures have
been found in “blank-field” surveys (Steidel et al. 1998,
2005; Shimasaku et al. 2003; Ouchi et al. 2005). Re-
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cently, Chiang et al. (2014) identified a number of proto-
cluster candidates at 1.8 < z < 3.1 in the COSMOS field
using photometric redshifts, but only two have been thus
far confirmed using spectroscopic redshifts. The overall
number of confirmed protoclusters (i.e., ∼ 20 at z = 2−6)
is still too low to allow for robust comparisons to the pre-
dictions of hierarchical structure formation models or for
environmental studies of galaxy properties at different
redshifts (Chiang et al. 2013).
In this work we report the discovery of an over-
dense region (roughly 0.3 deg2 in size) containing mul-
tiple protocluster candidates lying within the Boo¨tes
field of the NOAO Deep Wide-Field Survey (NDWFS:
Jannuzi & Dey 1999). The presence of a protocluster
was first signaled by the distribution of UV-continuum-
selected galaxies. Here, we present the identification of
robust Lyα line-emitting galaxy candidates in the field
and use these to map and weigh the large-scale struc-
ture. In §2, we describe the initial search technique that
resulted in identifying a protocluster candidate and thus
selecting the field for further study. In §3, we describe
new data that we obtained to map the distribution of
Lyα emitters in the field; we detail the selection of the
candidates and assess their robustness. In §4 we describe
the distribution of galaxies in the structure and assess the
overdensities of the protocluster candidates in the field.
We conclude in §5.
Throughout, we use the WMAP7 cosmology
(Ω,ΩΛ, σ8, h) = (0.27, 0.73, 0.8, 0.7) (Komatsu et al.
2011); at z = 3.78, the angular scale is
7.347kpc/′′(physical). Distance scales are presented
in units of comoving Mpc unless noted otherwise. All
magnitudes are given in the AB system (Oke & Gunn
1983).
2. OBSERVATIONS AND SAMPLE DEFINITION
2.1. Identifying a Field with a Protocluster Candidate
We have been undertaking a search for UV-luminous
star-forming galaxies at z ≈ 3.7± 0.4 in the Boo¨tes field
of the NDWFS. We refer the reader to Lee et al. (2011)
and Lee et al. (2013) for details regarding the search, but
briefly describe the procedure here. We applied a stan-
dard Lyman-break galaxy color-selection technique to
the NDWFS BWRI data and selected candidates based
on the following criteria (same as Lee et al. 2011, but in
AB mag):
(BW −R) > 3 (R − I) + 1.74 ∩ (BW −R) ≥ 1.8
(R− I) ≥ −0.54 ∩ S/N(R) ≥ 3 ∩ S/N(I) ≥ 7 (1)
For sources undetected in the BW -band, we used the
2σ limit. A subset of the candidates was observed spec-
troscopically using the DEIMOS instrument at the Keck
II telescope of the W. M. Keck Observatory; these obser-
vations confirmed the redshift distribution of the sample
and characterized the selection function (Lee et al. 2011).
These spectroscopic observations also resulted in the dis-
covery of five galaxies lying at redshifts 3.782 < z <
3.787, within 1 Mpc (projected physical distance) from
one another (see Figures 11 & 12 and §5.1 in Lee et al.
2013). We interpreted this alignment of galaxies as sig-
naling the presence of a coherent large scale structure
and set out to measure its extent and spatial overdensity
using Lyα emitting galaxies as a tracer population.
2.2. New Observations
In May and June 2012, we obtained deep imaging of the
candidate protocluster field using the Mosaic 1.1 Camera
on the Mayall 4-m telescope of the Kitt Peak National
Observatory. Images were obtained through both broad-
band (BWRI) and narrow-band (WRC4) filters centered
on the field NDWFSJ1426+32369. The WRC4 filter
(designed to sample C IV emission in Wolf-Rayet stars;
KPNO filter # k1024) has a central wavelength (in the
KPNO 4m f/3.1 prime-focus corrector beam) of 5819A˚
and a full-width at half maximum of 42A˚; it is therefore
well placed to sample Lyα emission at 3.769 < z < 3.804
(i.e., 25 comoving Mpc). We used individual exposure
times of [20,20,10,10] minutes for the [BW ,WRC4,R,I]
bands respectively and dithered the telescope between
exposures by < 2 arcmin. After discarding frames taken
with delivered image quality > 1.1′′, the effective total
exposure times of the new imaging are 8.3, 3.0, 5.2, and
0.8 hours for the WRC4, BW , R, and I bands respec-
tively. For each frame, we updated the astrometry (em-
ploying the IRAF10 task msccmatch) using stars identi-
fied in the Sloan Digital Sky Survey DR7 Catalog, and
reprojected it to a common tangent point with a pixel
scale of 0.258′′/pixel. The same procedure was repeated
for the NDWFS frames after recomputing the MOSAIC
camera image distortions using a large catalog of SDSS
DR7 sources.
The BW , R, and I band images are photometrically
tied to the existing NDWFS images. The relative inten-
sity scale of each reprojected frame was determined with
respect to the NDWFS data using the mscimatch task
in the IRAF mscred package. All frames of a given band
were combined to construct the final image stack using a
weighted average, with the relative weight inversely pro-
portional to the variance of sky noise measured in the re-
projected frames. We masked regions near the field bor-
ders with less than 20% of the maximum exposure time
and areas near bright saturated stars and their diffrac-
tion spikes. The effective area of the final mosaic is 0.317
deg2.
The photometric calibration for the BW , R, I images
is referenced to the NDWFS images. For the WRC4
band, we determined the photometric zero point using
spectrophotometric standard stars observed during the
run. Combining the new data with the existing NDWFS
data results in effective exposure times of 8.3, 5.3, 6.9,
and 4.1 hours for the WRC4, BW , R, and I bands re-
spectively, resulting in 5σ limiting magnitudes of 24.91,
26.96, 26.34, and 25.55 AB mag (measured on blank sky
regions within 2′′ diameter circular apertures). The de-
livered image quality is 0.9′′ − 1.0′′ in the final stacks.
We estimate the detection completeness by inserting
into the stacked images artificial sources with similar
sizes and morphologies as real high-redshift galaxies. We
find that the 90%, 50%, and 10% completeness limits
for source detection are 23.82, 24.22, 24.64 mag, respec-
9 For details regarding the NDWFS, see
http://www.noao.edu/noao/noaodeep/. Field coordinates
are at http://www.noao.edu/noao/noaodeep/ndwfs op new.html
10 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with
the National Science Foundation.
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tively, for the WRC4 band, and 24.07, 24.78, 25.26 mag
for the I- band.
2.3. Selection of z ≈ 3.78 LAE Candidates
Our primary goal is to investigate the spatial extent of
the presumed galaxy overdensity at z = 3.78 as traced
by Lyα-emitting galaxies (LAEs). We identify candi-
date LAEs as sources that show excess emission in the
WRC4 band, i.e., unusually blue narrow-band-to-broad-
band colors.
We identify LAE candidates as follows. We created
source catalogs in the four bands by running the SEx-
tractor software (Bertin & Arnouts 1996) in “dual image
mode” on all the image stacks. We used the WRC4-band
image as the detection image in order to select LAEs that
show detectable Lyα emission, but which may be unde-
tected in the continuum broad-band filters. The SEx-
tractor parameter MAG AUTO is used to estimate the
total magnitude, while colors are computed from fluxes
within a fixed isophotal area (i.e., FLUX ISO). LAE can-
didates at z = 3.78 are selected to satisfy:
(WRC4 −R) < −0.8 ∩ S/N(WRC4) ≥ 7
∩ [(BW −R) > 1.8 ∪ S/N(BW ) < 2] (2)
where S/N is computed within the isophotal area. Red
BW − R colors ensure that there is a strong spectral
break (due to the Lyman break and Lyα forest) in the
BW band such that candidates lie at z > 3.2. Our LAE
photometric selection is illustrated in the left panel of
Figure 1.
In order to understand the sample selection criteria,
we synthesized the (BW −R) and (WRC4−R) colors of
model LAEs with a large range in rest-frame UV contin-
uum slope, Lyα emission line equivalent width, and Lyα
luminosity. First, we created a model LAE spectrum as
follows. We used the stellar population synthesis model
of Bruzual & Charlot (2003) to compute the continuum
spectrum of a galaxy with a constant star formation his-
tory observed at the population age of 100 Myr, assum-
ing a Salpeter initial mass function and solar metallicity.
We accounted for attennuation by intergalactic hydro-
gen using the model of Madau (1995). We adopted the
dust extinction model of Calzetti et al. (2000) and varied
the reddening parameter E(B − V ) until the predicted
R − I color approximately matched the observed value
〈R − I〉 ∼ 0.2 as shown in Figure 1 (left panel). To the
continuum spectrum, we added11 a Lyα emission line
with a Gaussian line profile centered at 1215.67 A˚ and
an intrinsic line width of 3 A˚. Exact values assumed for
the line width and reddening parameter are not impor-
tant as long as they reasonably reproduce the observed
galaxy colors and line FWHM.
Model spectra were generated for a range of Lyα rest-
frame equivalent widths, W0, and luminosities and used
to predict WRC4 − R colors (see Figure 1, left panel).
The color criterion WRC4 − R ≤ −0.8 corresponds to
W0 & 20 A˚ at z = 3.785. Figure 1 also shows the
expected (WRC4 − R) and (R − I) colors at different
extinction/reddening values. At a fixed reddening value,
11 In practice, the line flux was computed separately from contin-
uum flux due to coarse resolution of the Bruzual & Charlot (2003)
galaxy templates.
large open triangles (diamonds, circles) show the Lyα lu-
minosities of, from top to bottom, 1042.0, 1042.5, 1043.0,
and 1043.5 ergs s−1 at the continuum R-band magnitude
of 25.5 (25.2, 25.8) mag. The median R-band magnitude
is 25.5, with the majority atR = 25.5±0.6 mag. The lim-
iting Lyα luminosity of our survey is ∼ 1042.6 ergs s−1.
We find 65 LAE candidates within the total survey
area of 0.317 deg2, corresponding to an average surface
density of 0.057± 0.007 arcmin−2. Ten of the LAE can-
didates are only detected in the WRC4 band and have
no R or I-band continuum detections (shown as trian-
gles in Figure 1. Approximate Lyα luminosities corre-
sponding to their WRC4-band magnitudes are indicated
on the top abscissa; the majority of our sources have
LLyα & 10
42.5 ergs s−1 and in the WRC4 magnitude
range of 23.0 − 24.5, while there are six LAEs brighter
than WRC4 ≤ 22.8 (LLyα ∼ (1.5− 3.0)× 1043 ergs s−1).
2.4. Selection of z ∼ 3.7 Star-Forming Galaxy
Candidates
In addition to the LAE candidates, we also used the
deeper BWRI broad-band imaging to identify a sam-
ple of Lyman-break star-forming galaxies (LBGs) at
z ∼ 3.7 ± 0.4 using the selection criteria described in
equation (1). The reliability of z ∼ 3.7 LBG candidates
selected according to these criteria has been investigated
by Lee et al. (2013).
We identified 428 LBG candidates within our
field, i.e., an observed candidate surface density of
0.375±0.018 arcmin−2. Accounting for the possible con-
tamination by interlopers (measured by Lee et al. 2013,
to be 11 − 28%), this suggests an LBG surface density
in the field of 0.30±0.05 arcmin−2, comparable to that
reported in Bouwens et al. (2007). The broad-band col-
ors of the LBG candidates are shown in Figure 2 as black
dots within selection window. Their angular distribution
is shown in Figure 3 (grey circles).
2.5. Reliability of the LAE Candidates
Although the bulk of our sample awaits spectroscopic
confirmation, four of the five spectroscopically confirmed
UV-continuum-selected Lyman Break galaxies are mem-
bers of our LAE candidate list.
Photometrically-selected LAE samples can be contam-
inated by low-redshift interloping galaxies where, e.g.,
emission lines of [O iii] and [O ii] fall within the band-
pass of the narrow-band filter. Low-redshift interlopers
at 0.158 < z < 0.166 with strong [OIII]λ5008 emission,
or at 0.553 < z < 0.569 with strong [OII]λ3729 emis-
sion, will exhibit a (WRC4 − R) color excess and can
potentially contaminate the LAE candidate sample. Al-
though they may satisfy the (WRC4−R) criterion, they
may be discriminated by the (BW −R) selection criteria.
Figure 2 shows the (BW − R) and (R − I) color-color
diagram of all detected sources in the field (dots); the
subset of 17 LAE candidates detected in both R and I
bands are also shown (red filled circles). Also shown are
spectroscopically confirmed galaxies from the AGN and
Galaxy Evolution Survey (AGES; Kochanek et al. 2012)
that lie within the redshift ranges 0.158 < z < 0.166 and
0.553 < z < 0.569 (blue triangles). Although the AGES
survey targeted bright galaxies (I < 20 Vega mag), none
of them have colors that overlap with the LAE sample.
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Fig. 1.— Left: Four grey lines show the color evolution with increasing Lyα luminosities (from top to bottom) at four different reddening
values. Triangles (diamonds, circles) show the Lyα luminosities, 1042.0, 1042.5, 1043.0, and 1043.5 ergs s−1 at the continuum R-band
magnitude of 25.5 (25.8, 25.2), respectively (see §3.2 for detail). Orange lines represent the Lyα rest-frame equivalent widths of (from top
to bottom) 10, 20, 30, 40, and 50A˚ at different continuum R− I colors. The WRC4−R color cut is chosen to match (approximately) the
expected color of W0 = 20A˚ sources at the median R − I color.; Middle: WRC4 − R vs. R − I colors are shown for all sources detected
in the WRC4 band. Photometric LAE candidates selected according to equation 2 (i.e., below the thick dashed line) are shown as circles
(S/N(R) ≥ 2) or triangles (S/N(R) < 2). The sources that are formally undetected in the I-band are shown with upper limits. Galaxies
with (WRC4−R) ≤ −2.4 are shown at the color position of −2.4. Right: (WRC4−R) colors as a function of WRC4-band magnitude. The
upper limits for the sources with S/N(R, I) < 2 (i.e., undetected in R or I) are shown as triangles. The Lyα luminosities corresponding to
the WRC4 magnitude are indicated on top at the R-band magnitude fixed to the median value of 25.5.
Two of the 17 sources lie between the diagonal LBG se-
lection criterion boundary and the low-redshift galaxy
sequence, but there is no overlap between the popula-
tions. Accounting for upper limits, we find that only
three of the 55 LAEs with continuum detection lie within
0.2 mag of the low-redshift galaxy sequence. We there-
fore conclude that the contamination is no more than
6%.
While LAEs are typically powered by star-formation,
some of the more luminous emitters could be AGN (e.g.,
Ouchi et al. 2008). While this is not an issue for trac-
ing the structures, we briefly consider whether there is
evidence for AGN within our LAE candidate sample.
The X-ray data that exist in the field (from the Chan-
dra XBoo¨tes Survey; Kenter et al. 2005) are too shallow
to place firm constraints on AGN contamination for the
bulk of the sample. However, none of of the LAE candi-
dates are detected in the X-ray. All but two LAE candi-
dates are covered by existing Spitzer MIPS 24µm imag-
ing. Among them, only one is clearly detected. Visual
inspection of the morphologies show that most of them
are spatially extended (FWHM ≥ 4.5 pixel or 1.2′′) and
not dominated by a point source component that may
suggest the presence of an AGN. Two have existing rest-
frame UV spectra (Lee et al. 2013), but neither shows
C iv or N v emission indicative of AGN. We therefore
conclude that the contamination of the LAE candidate
population by luminous AGN is not significant.
Some guidance may also be found from other work.
Ouchi et al. (2008), whose survey is the closest match
to ours in terms of redshift and imaging depth, did not
find any clear evidence of contamination in their z = 3.7
LAE spectroscopic sample. After similar narrow-band
searches of LAEs around high-redshift radio galaxies and
their spectroscopic followup, Venemans et al. (2007) re-
ported that contamination rate averaged over all fields is
∼ 9% (in some fields, they found zero contamination).
While we cannot be certain without spectroscopy of
the candidates, we conclude that the selection of the LAE
candidates is robust and that most, if not all, lie at z ≈
3.78. In what follows, we use the spatial distribution
of LAEs to estimate overdensities; any low-z interloper
contamination, if randomly distributed, will result in an
underestimate of the true overdensity.
3. RESULTS
3.1. Distribution of LAEs and LBG candidates
In this section, we discuss the angular distribution of
the galaxies within the field. We consider two samples
separately: (1) the 65 LAE candidates supplemented by
the spectroscopically confirmed galaxies (which adds one
extra galaxy to this subset); and (2) the 428 LBG galaxy
candidates. The distributions of these two subsets are
shown in the left panel of Figure 3.
The LAE distribution within the field (which covers
a volume of 72 × 72 × 25 Mpc at z = 3.785; Figure 3)
is highly inhomogeneous. In particular, there are three
regions (denoted as “NE”, “NW”, and “S” groups) each
containing 9 − 10 LAEs within a 8 Mpc (or 3.8′) radius
circle. Given the observed average LAE surface density
in this field of 0.057 arcmin−2 (= 65/(0.317× 602)), the
expected number of LAEs within a 3.8′ radius circle is
∼ 2.6 ± 0.3. Hence, these three regions have surface
densities that are factors of 3.5 − 3.8 higher than the
average in this field, or surface overdensities of δΣ ≡
(Σ−Σ¯)/Σ¯) ≈ 2.5−2.8. Since the average surface density
measured in this field is likely biased by the presence of
the structures (see §4.2), these are underestimates of the
true surface overdensities.
The three groups lie ≈ 40 − 60 comoving Mpc (i.e.,
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Fig. 2.— The BW − R vs R − I colors of all I-band detected
sources are shown in dots, together with the dropout criteria out-
lined in solid line. Small open circles (triangles) represent galaxies
satisfying the Lyman break galaxy (LBG) selection with (with-
out) secure BW detection. The colors of the I-band detected
LAEs are indicated in red symbols. Those accompanied by larger
open circle represent the LAEs among the six brightest NB sources
(WRC4 < 22.8). More than two thirds of the line-emitting can-
didates are not detected in the I-band image. The majority of
the I-band detected LAEs have colors similar to LBGs with the
exception of one. Lower-redshift sources which would have been
observed with substantial narrow-band excess due to their [O iii]
or [O ii] emission are shown as blue triangles.
8.4− 12.5 Mpc physical) apart from one another (in pro-
jection), and appear to be connected by filaments traced
by the LAE distribution. The three spectroscopically
confirmed galaxies at z 6= 3.78 (shown as blue crosses
without red circles) near the S group may trace a filament
running along line of sight. There are also regions devoid
of any LAE candidates (in the northern and central re-
gions and the southeast corner). These areas have com-
parable photometric depth to the regions in which galaxy
overdensities are found, and are not significantly affected
by the object mask (see right panel of Figure 3). Hence,
the observed inhomogeneity of the galaxy distribution is
likely real. Five of the six highest line-luminosity sources
discussed in §2.3 (the large black circles in Figure 3, left)
lie within or near the three overdense groups: two in the
NE group; two in the S group; and one just north of the S
group, where there is a concentration of four LAEs. Only
one of the six resides far from the galaxy overdensities
northeast of the S group.
The distribution of LBG candidates also appears
highly inhomogeneous. A large number of LBGs are
observed at the southern edge of the field near (but
not coincident with) the S group. Within the 24′×6′
area (dashed grey line in Figure 3 left), there are 83
LBGs, 50% larger in number than that expected from
the observed field average (i.e., 0.375 arcmin−2 × (6 ×
24) arcmin2 = 54; see § 2.4).
To better visualize and quantify the angular distribu-
tion of LAEs and LBGs, we create two-dimensional den-
sity maps of the field. We first apply a gaussian kernel of
FWHM=10 Mpc (i.e., characteristic radius of 4.25 Mpc)
independently to the positional map of the 65 LAE candi-
dates and that of the 428 LBG candidates (see Figure 4).
The contours show the relative local density with respect
to the field. The discussion of the LAE field density es-
timate is given in §3.2. For the LBGs, we assume the
observed LBG surface density as the field average.
The locations of the three high-overdensity regions,
discussed in §3.1 and shown in Figure 3, are apparent
in the LAE density map. Each group resides in a re-
gion with the surface density at the core ≥ 5× the field
average. The S group is the most significant overden-
sity, containing 9 LAEs and 3 additional spectroscopic
members. A smaller, compact group of LAEs lies ∼6′
(∼12.6 comoving Mpc; 2.6 physical Mpc) to the north.
We varied the smoothing scales to test the robustness of
the overdensity regions. While the overall morphology
of the LAE density map changes slightly depending on
the smoothing scale, all three groups are recovered with
smoothing scales between 8− 16 Mpc.
Despite the broader redshift distribution resulting from
the LBG selection criteria, the LBG density map shows
a striking resemblance to that derived for the LAEs. The
two regions of highest LBG density are located in or near
the S and NE LAE groups. The LAE and LBG distri-
butions associated with the S group are slightly offset
from each other, with the LBG surface density forming
an elongated structure extending nearly 3 Mpc (physi-
cal) away from the peak of the LAE surface density. The
NW group of LAEs also resides in a region where the
LBG density is ∼ 1.5× that of the “field”. The density
contour around the S group of LBGs extends northward,
mirroring the distribution of LAEs. The morphology of
LBG density in the region between the NW and S group
is also similar to that observed in the LAE map. These
similarities lend support to the idea that these are coher-
ent structures in the galaxy distribution.
One notable difference between the LBG and LAE
maps is the presence of a large population of LBGs in
the southeast corner of the field (1.5× the field); no LAEs
are observed there. Differences of this nature might sug-
gest that these are regions where the LBG redshifts (and
the dominant structure) do not fall within the LAE red-
shift selection window, but are either foreground or back-
ground structures.
The line-of-sight distances sampled by LBG and LAE
candidates are vastly different: the front-to-back comov-
ing distance of the LAE sample is ∼ 25 Mpc, just 4−5%
of that for the LBG sample, i.e., 480 (640) Mpc, assuming
σz = 0.3 (0.4) around z = 3.7 (Lee et al. 2013). Never-
theless, the spatial density distributions of the two candi-
date populations resemble each other, and do not appear
to be affected by any spatially varying selection crite-
ria. The close resemblance of the two distribution lends
strong support to the fact that many of the LBG candi-
dates must be part of the large-scale structure traced by
the LAEs, and that the discovered structure genuinely
represents highly significant matter density peaks traced
by both LAEs and LBGs. In the section that follows, we
attempt to quantify the overdensities and predict their
present-day descendants.
3.2. Galaxy Overdensity in the Protocluster Field
In hierarchical galaxy formation theory, cluster forma-
tion takes place in the most highly overdense regions.
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Fig. 3.— Left: The angular distribution of the LAEs with/without continuum emission (red/green circles) and z ∼ 3.7 LBGs (small
filled circles) is illustrated together with the positions of known spectroscopic sources at z = 3.730 − 3.835 (i.e., within 50 Mpc from the
center of the S group; crosses). The field boundaries are indicated with a large grey box. Six brightest WRC4 sources are marked by large
open circles. Three densest regions, dubbed the NE, NW, and S groups, are marked by dotted 8 Mpc radius circles. The brightest WRC4
sources (i.e., the most luminous LAEs) are within or near these groups. Right: The exposure map and object mask for the field. Objects
falling within these masks were removed from our candidate lists. The inhomogeneous galaxy distribution is not the result of masking or
inhomogeneous depth across the field. The color bar (top) indicates the effective exposure time in the WRC4 band in units of hours.
Fig. 4.— Local density fluctuation of the z = 3.78 LAEs (left) and z ∼ 3.7±0.4 LBGs (right): the structure is constructed by smoothing
the positions of the member galaxies with a gaussian kernel (FWHM=10 Mpc). The contours show the relative surface density with respect
to the local density. The locations of the three high-overdensity regions are clearly visible in the LAE map, each observed with ≥ 5× the
field density at the core. Interestingly, the regions with the highest LAE density are also observed with the highest density of LBGs.
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Well before their final assembly and subsequent virial-
ization, protocluster regions can be identified via their
overall enhancement in space and/or surface density of
galaxies (e.g., Chiang et al. 2013, 2014). Predicting the
total mass overdensity, δm, from the observed galaxy
overdensity, δgal is uncertain without full knowledge of
the star- and galaxy-formation physics within dark mat-
ter halos; nevertheless, the observed galaxy overdensity
can be used (in a relative sense) to gauge the significance
of a given structure in the cosmological context and to
predict the final mass of its descendant in the present-
day universe (Chiang et al. 2013). Here, we quantify the
significance of the observed galaxy overdensity and be-
gin by estimating the expected number of LAEs in field
environments.
We estimate the expected number of LAEs selected
by our survey by integrating the Lyα luminosity func-
tion derived by Ouchi et al. (2008) for a z ≈ 3.7 LAE
sample. Assuming a Schechter function form, φ(M) =
(0.4 ln 10)φ∗ 100.4(M
∗
Lyα−M)(1+α) exp[−100.4(M∗Lyα−M))],
we used φ∗ = (3.4+1.0
−0.9×10−4) Mpc−3, L∗Lyα = (10.2+1.8−1.5×
1042) ergs s−1, and α = −1.5, weighted by the filter
throughput and the completeness function which defines
the depth of our imaging data. The expected number of
LAEs in a given WRC4 magnitude bin (mk) and redshift
bin (zj) is given by:
NLAE(zj,mk) = Vj p(mk) T (zj)
∫
Lk
φ(L) dL (3)
where φ(L) is the Lyα luminosity function; T (z) is the
redshift selection function, defined from the effective fil-
ter transmission (which includes the atmosphere, tele-
scope, and instrument), T (λ), as T (zj) ≡ TWRC4[λ =
1215.67 × (1 + zj)]/max(TWRC4); Vj is the comoving
volume corresponding to the redshift bin zj ; p(mk) is
the completeness limit for the WRC4-band; and where
the luminosity function integral is performed within the
luminosity limits corresponding to the magnitude bin
mk. Then, the total number of LAEs is NLAE =
ΣjΣkNLAE(zj ,mk). Based on this analyses, we find
that the expected number of field LAEs in our field is
35± 7. In comparison, the observed number in our field
is 65. The entire 0.317 deg2 field is therefore overdense
by ≈ 1.9 ± 0.4. Using the correct field density, we can
update our earlier estimate, discussed in § 3.1, of galaxy
overdensity measured within a 8 Mpc radius circle as
δΣ = 5.5− 6.3.
3.3. Present-Day Masses of the Protocluster Candidates
If the galaxies trace the underlying mass distribution,
what are the likely present-day descendants of these pro-
tocluster candidates? We can estimate the descendant
masses using two approaches, one based on a compari-
son to numerical simulations, and the other based on a
more heuristic approach.
Recently, Chiang et al. (2013) used the Millennium
Run simulations (Springel et al. 2005) coupled with
semi-analytic galaxy formation models to predict the ex-
pected (observable) overdensities associated with proto-
clusters of a given mass at z > 2. Chiang et al. (2013)
compute galaxy overdensities using a cubic tophat of
volume (15 Mpc)3. In order to compare our observa-
tions to their measurements, we measure the overden-
sity in a circular area 13 Mpc in diameter; since the
line-of-sight depth of our survey is 25 Mpc, the total
volume enclosed in our overdensity kernel is comparable
(i.e., pi(13/2)2 × 25 ≈ 153 Mpc3). The galaxy overden-
sity is measured on the position of the three groups as
δg = (Ngroup/Nfield) − 1 where Nfield is 1.73, the mean
number of LAEs within a 13 Mpc diameter circle based
on the observed LAE surface density. The overdensity
will be larger if we use the field density derived in the
previous section. However, we continue to use the ob-
served value in order to derive the most conservative
estimates for the masses. The associated errors are es-
timated as a quadratic sum of Poissonian uncertainties
(1/
√
Nfield = 76%) and cosmic variance of 52% (see Ap-
pendix for calculation of cell (cosmic) variance). The
S, NW and NE groups contain 9, 8, and 7 galaxies,
respectively, and thus the overdensities in the S, NW
and NE groups are 4.2±0.9, 3.6±0.9, 3.1±0.9, respec-
tively. Chiang et al. (2013) find that galaxy overdensi-
ties of δgal = 4.2, 3.6, and 3.1 observed at z ∼ 4 will
each evolve into z = 0 galaxy clusters with total mass
Mtot,z=0 = (4 − 9) × 1014M⊙, (2 − 6) × 1014M⊙, and
(2 − 4) × 1014M⊙, respectively (see their Figures 6, 10,
and associated text).
An alternative mass estimate can be made following
the approach outlined by Steidel et al. (1998). The mass
associated with a galaxy overdensity that will eventually
be bound and virialized by z = 0 is given by:
Mz=0 = (1 + δm)〈ρ〉V (4)
where ρ is the average matter density of the universe
(= 3H20/8piGΩ0), δm is matter overdensity, and V is
the volume enclosing the observed galaxy overdensity.
With the adopted cosmology, Equation 4 is equivalent
to Mz=0 = [3.67 × 1010M⊙] (1 + δm) [V/(1 Mpc)3].
The matter overdensity δm is related to the galaxy over-
density by 1 + bδm = C(1 + δg), where C is the cor-
rection factor that accounts for the effect of redshift-
space distortions (Steidel et al. 1998). In the case of
spherical collapse, C can be expressed as C(δm, z) =
1+Ω
4/7
0 (z)[1− (1+ δm)1/3]. Within reasonable ranges of
bias b and δg (b = 1.8−4.0, 2 ≤ δg ≤ 4), the parameter C
ranges over 0.7−0.9. We adopt a bias value for the LAE
population of bLAE ≈ 2 (e.g., Gawiser et al. 2007, see also
the Appendix of this paper). We estimate the volume V
to be the product of the effective transverse area contain-
ing the galaxy overdensities and the depth 25 Mpc. The
area is estimated from the iso-density contour map (Fig-
ure 4). For the NE and NW groups, the transverse area
can be approximated as a 9 Mpc and 8 Mpc radius cir-
cle, containing 12 and 8 LAEs, respectively. The S group
is more elongated as the density contour extends north
towards additional 4 LAEs. Hence we approximate the
area associated with the S group as a 10.3 Mpc×25.6 Mpc
rectangular region, containing 12 LAEs.
With the assumptions above, the total mass associ-
ated with each of the observed galaxy overdensities is
7×1014M⊙, 4×1014M⊙, and 8×1014M⊙ for the NE, NW,
and S group, respectively. These values are higher than
or close to the upper end of the mass estimate according
to the Chiang et al. (2013) calibration. The main rea-
son is because the Chiang et al. calibration assumed the
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galaxy bias of b = 2.35 while we used the value b = 2.0,
directly measured from the data (see Appendix). Adopt-
ing their bias value returns the total masses closer to the
Chiang et al. estimates; i.e., 6×1014M⊙, 4×1014M⊙, and
7× 1014M⊙ for the NE, NW, and S group, respectively.
Galaxy bias (hence, conversion from galaxy overdensity
to matter overdensity) remains the largest uncertainty in
our mass estimate.
In summary, we estimate that the three galaxy over-
densities have each δg & 3 measured within a (15 Mpc)
3
volume. Chiang et al. (2013, their Table 4) estimate
that the regions with δg > 3 have > 80% probability
to evolve into a galaxy cluster by z = 0. Our mass es-
timates suggest that the NW group will evolve into a
Fornax-like cluster (M = (1 − 3) × 1014M⊙), while the
two more significant groups will evolve into Virgo-like
clusters (M = (3 − 10) × 1014M⊙). The mass of the S
group is nearly 1015M⊙; if the overdensity extends fur-
ther south, it is possible that its final mass may be even
larger comparable to that of the Coma cluster (K.-S. Lee,
et al., in preparation).
3.4. How Rare is this Region?
We now consider the probability of finding three over-
densities so close to one another. This is related to the
expected number density of a single protocluster in our
volume. According to Chiang et al. (2013), the number
of protoclusters identified to have M > 1014M⊙ h
−1 at
z = 0 is 2,832 in a comoving box of 500 Mpc h−1 on
a side. Hence, the expected number within our survey
volume (72× 72× 25 Mpc3) is almost exactly one12 (i.e.,
2832./(500./0.7)3× (72×72×25) = 1.007). An indepen-
dent estimate from the mass function of X-ray clusters
gives a similar answer for the comoving space density
(Reiprich & Bo¨hringer 2002). Given that the expected
number is only one, what is the significance of an over-
density of 3 within a ∼ 105 Mpc3 volume? We estimate
this by randomly sampling the Millennium Runs volume
(assuming the WMAP7 cosmology) on scales of our sur-
vey box (Y.-K. Chiang, in private communication). Of
5× 105 trials within the 3.6× 108 Mpc3 volume, we find
2,800 cases in which three or more protoclusters are in-
cluded in the box. Hence, the probability of finding three
or more protoclusters of any mass within our volume is
∼ 5.7%. If we restrict the results to only groups where
the total mass in protoclusters within the survey box is
at least 1015 M⊙, the probability decreases to 1.9%. Sim-
ilarly, the probability of finding three or more protoclus-
ters within our survey volume where the most massive
protocluster has a total mass of 5 (6, 7)× 1014 M⊙ is 1.7
(1.2, 0.9)%. In short, the chances of finding three over-
densities matching our observational constraints within
the survey volume are very low, < 2%. We would only
expect to make one such discovery if we carried out
the LAE narrow-band survey to the same depth over
& 18 deg2! This structure may be one of the largest
overdensities, both in size and density, observed thus far.
Although the protocluster candidates will likely virial-
ize by z = 0, the filamentary structures are unlikely to
12 We note that Chiang et al. (2013) used the simulations assum-
ing the WMAP1 cosmology; i.e., Ω = 0.25,ΩΛ = 0.75. We expect
that the number of galaxy clusters in the WMAP7 cosmology, as
assumed here, is slightly larger.
do so. These filamentary regions will likely continue to
evolve, perhaps becoming highly biased structures sim-
ilar to local superclusters. The separation between the
three overdensities is comparable to the size of a super-
cluster in its longest dimension (see, e.g., Einasto et al.
2014). Most extreme cases of such structures are known
as “Great Walls” in the local universe (Geller & Huchra
1989; Gott et al. 2005). To further elaborate on this hy-
pothesis, we need to firmly establish the physical associ-
ation between different groups, which will require both
larger areal coverage and kinematic information from
spectroscopy.
Finally, we checked the literature to find similarly
massive structures containing multiple galaxy overden-
sities in the volume similar to our field. Most notably,
Chiang et al. (2014) searched the 2 deg2 COSMOS field
using the photometric redshift technique, and identified
36 protocluster candidates at 1.6 < z < 3.1 (see their
Table 1). While we do not find any structure containing
three protoclusters, there are ∼ 4 cases where two can-
didates are within < 0.5 deg and ∆z ≤ 0.03 from each
other. These structures lie at z = 2.07, 2.42, 2.74, 3.02,
and typically have δg ∼ 1.5−2.3. The relatively low value
for the observed overdensity is mainly due to the ‘dilu-
tion’ caused by the photometric redshift uncertainty of
typically ∆z ∼ 0.1 in identifying these structures (equiv-
alent to 4−6× larger line-of-sight distance than our LAE
survey). Based on their simulations covering ∼ 24× the
COSMOS volume, Chiang et al. (2014) estimated that
the probability of any of these candidate protoclusters
to evolve into a Coma-like cluster (M > 1015M⊙) is low,
. 0.1.
Based on the number of protocluster pairs found by
Chiang et al. (2014), it is possible to independently es-
timate the likelihood of finding more than one proto-
cluster within our survey volume. Over the 1.62 deg2
area, they found four pairs with ≤ 0.5 deg separation
and ∆z < 0.03. The comoving volume between z = 1.6
and z = 3.1 is 0.0196 Gpc3. Therefore, the comov-
ing number density of protocluster pairs is 126 Gpc−3
(= 4/(0.0196 × 1.62)). Since our survey volume is
72 × 72 × 25 Mpc3 = 1.3 × 10−4 Gpc3, the expected
number of a protocluster pair within our survey volume
is 0.016. The estimated likelihood of ∼ 2% is likely a
conservative limit because the Boo¨tes structure contains
three protoclusters; no triplet is found in the COSMOS
protocluster sample. While more detailed comparison
between the Boo¨tes structure and those found in the
COSMOS field is not possible (Chiang et al. did not
publish mass estimates for their candidates), it is assur-
ing that the probability of finding multiple protoclusters
in our survey volume is low at just a few percent based
on both simulations and real data. These considerations
strongly suggest that the Boo¨tes structure represents one
of the rarest overdensity regions with few known coun-
terparts in the high-redshift universe.
4. SUMMARY
In this paper, we report the discovery of a large-scale
structure consisting of three massive galaxy overdensi-
ties within a 72 × 72 × 25 Mpc3 comoving volume at
z = 3.78. Deep imaging of the region taken with narrow-
and broad-band filters reveal that the number of Lyman-
alpha emitting galaxies (or LAEs) is ∼ 90% higher than
A Very Large Structure at z = 3.78 9
that expected in field environments. The LAEs in the
field show a highly unusual angular distribution (Figure
3 and 4); three separate regions are observed with a sur-
face overdensity, δΣ = (Σ−Σ¯)/Σ¯, of ∼ 3 or higher within
a 8 Mpc radius circle. These galaxy groups are separated
about 40− 60 Mpc, and appear to be connected by fila-
ments along which more LAEs reside. The distribution
of LBGs in the same field resembles that of LAEs, even
though the LBGs sample a factor of 20-25 larger line-of-
sight distance than LAEs; this suggests that these over-
densities are indeed massive structures containing both
LAEs and LBGs. The most significant overdensity lies at
the extreme southern end of our image, suggesting that
the true extent of this structure may extend beyond the
current data.
Among 65 LAEs, we find six sources with high line-
luminosity (WRC4 ≤ 22.8, implying LLyα > 1.5 ×
1043 erg s−1 cm−2). All but one of these high line-
luminosity sources reside within or in the vicinity of one
of the three galaxy overdensities. None of the 6 are de-
tected at X-ray wavelengths, and the two that have been
observed spectroscopically show no rest-frame UV signa-
tures of AGN. Hence, our data suggest that Lyα emission
in these sources may be powered by massive star forma-
tion rather than by AGN.
Recent galaxy simulations demonstrate that at the
level of the observed overdensities, these structures will
likely be virialized by z = 0 and become galaxy clusters
with masses > 1014 M⊙ (Chiang et al. 2013). We esti-
mate that one of the three galaxy groups will have the to-
tal mass of (1−3)×1014M⊙ and the other two groups will
grow in the range of (3−10)×1014M⊙. If the galaxy bias
is lower than that assumed in the simulations, the final
masses may be even larger. A direct estimate based on
the sizes of the overdensities and measured galaxy bias in
the region returns that the total masses enclosed within
these regions may be as large as∼ (3−7)×1014M⊙ for the
two smaller groups, and∼ (7−8)×1014M⊙ for the largest
one. Given the relatively large distances between these
groups (∼ 40−60Mpc), it is unlikely that all three groups
will merge into a single virialized structure by z = 0.
Nevertheless, it is rare to find three highly significant
overdensities so close to one another. The Millennium
simulation (volume ∼ 0.36 billion Mpc3) suggests that
the probability of chance alignment of three (or more)
protoclusters within our survey volume (∼ 105 Mpc3)
is <2% (based on our conservative mass limits given in
§3.2). An independent estimate based on the existing
samples of protocluster candidates at high redshift re-
turned a consistently low likelihood. Hence, it appears
that we have discovered one of the densest regions of the
high-redshift universe with scales well beyond & 40 Mpc
in its longest dimension, similar to the value observed for
some of the local superclusters. Further insight into the
true extent and kinematic state of this structure, which
will help us better assess its ultimate future, will require
wider-field imaging data and spectroscopic followup.
Identifying a statistical sample of very large structures
and their constituents will provide a unique opportunity
to study the early evolution of the universe. We will
be able to study the early stages of galaxy formation
in different local environments; from voids, to filaments,
to the highest overdensity regions. Measurements of the
space density of the protoclusters, and the galaxy dis-
tribution within these structures will directly test the
theory of structure formation. Unfortunately, such large
galaxy overdensities are extremely rare at high redshift
and thus are unlikely to be found in large number from
deep, small-area surveys. Targeted searches over much
wider fields (> 50 deg2) will be key to identifying a sta-
tistical sample. Ongoing wide-field imaging surveys such
as Dark Energy Survey, or future surveys with the Large
Synoptic Survey Telescope, may provide a sound basis
for selecting candidate protoclusters to be targeted.
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APPENDIX
Estimating Galaxy Bias
Galaxies are biased tracers of underlying matter distribution and estimates of the bias factor are necessary for
converting observed galaxy overdensity δg to the underlying matter overdensity δm. As a path to estimating the bias,
we describe a procedure to measure “cell variance”. Cell variance can be easily predicted for any representative galaxy
population (or dark matter) at any redshift and provides a powerful tool to characterize the large-scale environments
in direct comparison with other known galaxy samples. We define the relative cell variance σ2g as:
σ2g =
〈N2〉 − 〈N〉2
〈N〉2 −
1
〈N〉 (1)
where the first term is the total rms fluctuation in the number of galaxies found in a cell, and the second term accounts
for the same quantity arising from the Poisson shot noise. Ideally, we want to measure cell variance in a spherical
volume. Without redshift information of individual sources, it is not possible to pinpoint the LAE positions in the
line-of-sight direction. Because the evolution of clustering along the line-of-sight in our volume is negligible, the cell
variance measured in a cylindrical volume should be as good as that measured in a sphere of the same volume.
We measure cell variance by counting galaxies within a circle with radius 10 Mpc at random positions in our field.
The volume sampled by the 10 Mpc circle is the same as that of a sphere of radius 8h−1 Mpc (=11.4 Mpc in the adopted
cosmology). We correct the observed counts to account for the area lost to masked regions as Ngal,corr = Ngal/(1−floss),
where floss is the fraction of the total area that is masked out; we exclude measurements where the loss is more than
60% as unreliable. When averaged over the corrected number counts made over 1000 random trials, we recover the
field-averaged surface density within 3%.
A Very Large Structure at z = 3.78 11
We measure σg = 0.44 ± 0.05 for our sample. The power spectrum normalization for the adopted cosmology
is σ8 = 0.8, i.e., the relative fluctuation of matter at z = 0 within a 8 h
−1 radius sphere. In the linear regime,
density perturbations grow by a factor of 3.64 from z = 3.785 to z = 0. (see Equation 19 of Carroll et al. (1992));
i.e., matter fluctuation is σ8(z = 3.785) = 0.22. Hence, we estimate that galaxy bias for our LAEs is ∼ 2.0 ± 0.2
(= [0.44 ± 0.05]/0.22). Our value is consistent with the bias estimated from clustering measurements of field LAEs
(Gawiser et al. 2007), but is slightly lower than the predictions from galaxy simulations (e.g., Chiang et al. 2013)
derived from the Millennium runs, b ∼ 2.35, for all galaxies satisfying the condition SFR > 1M⊙ yr−1.
